Visual motion processing in typical and atypical readers has suggested aspects of reading and motion processing share a common cortical network rooted in dorsal visual areas. Few studies have examined the relationship between reading performance and visual form processing, which is mediated by ventral cortical areas. We investigated whether reading fluency correlates with coherent motion detection thresholds in typically developing children using random dot kinematograms. As a comparison, we also evaluated the correlation between reading fluency and static form detection thresholds. Results show that both dorsal and ventral visual functions correlated with components of reading fluency, but that they have different developmental characteristics. Motion coherence thresholds correlated with reading rate and accuracy, which both improved with chronological age. Interestingly, when controlling for non-verbal abilities and age, reading accuracy significantly correlated with thresholds for coherent form detection but not coherent motion detection in typically developing children. Dorsal visual functions that mediate motion coherence seem to be related maturation of broad cognitive functions including nonverbal abilities and reading fluency. However, ventral visual functions that mediate form coherence seem to be specifically related to accurate reading in typically developing children.
Introduction
A typical child is minimally exposed to over 500,000 words in school during the academic year, 1 yet the span and speed of reading develops slowly into late adolescence and adulthood (Kwon, Legge, & Dubbels, 2007) . Reading is a complex process that involves many different parts of the brain (Roux et al., 2004; Schlaggar & McCandliss, 2007; Simos et al., 2002) . It involves neural networks that mediate phonology, lexical and visual short-term memory, word formation and orthography, eye movements and attention (for review, see Dehaene, 2009 ). Thus, in order to successfully design reading intervention tools, it is important to understand specific mechanisms involved in several aspects of reading within a developmental perspective. While much current reading research focuses primarily on phonological awareness, which is the ability to identify and manipulate the individual sounds that make up language (Fox & Routh, 1975; Shaywitz, 2003) , non-phonological visual deficits have also been observed in disabled readers (Boets et al., 2011; Cornelissen et al., 1995; Witton et al., 1998) . This has prompted investigation of the relationship between reading ability and dorsal and ventral visual stream function. While there is some indication that dorsal visual functions might be vulnerable to damage in development, generally coined as dorsal stream vulnerability hypothesis (e.g., Gunn et al., 2002) , the application of this framework to reading remains debated (e.g., Spinelli et al., 1997) .
The visual system is largely separated into the dorsal and ventral visual pathways, which are anatomically and functionally distinct (Livingstone & Hubel, 1988) . As suggested by evidence from lesion studies (e.g., Vaina, 1994 ) and brain imaging (e.g., Haxby et al., 1991) , dorsal stream functions process information about locations and movements, while ventral stream functions process about shapes and identities. The dorsal vulnerability framework in development posits that dorsal stream functions are more susceptible to damage in atypical development because they are more plastic in typical development than ventral stream functions (Braddick, Atkinson, & Wattam-Bell, 2003) .
Two ways of measuring ventral and dorsal visual stream functioning are form and motion coherence thresholds, respectively. Few studies have examined the relationship of age to form and motion coherence within the context of reading ability. Because the developmental trajectories of form and motion detection have generally been demonstrated to mature after 6-7 years of age (Lewis et al., 2004; Parrish et al., 2005) , which is also a critical age in reading development, examination of the dependence of motion and form coherence thresholds on age may help explain variation in findings of the relationship between dorsal and ventral visual function and reading in typical as well as atypical development. The goals of the current study were to examine the relationship between reading abilities and dorsal and ventral stream visual functions, and to evaluate the dorsal stream ''vulnerability'' (or more exactly, plasticity) hypothesis in typically developing school-aged children.
Dorsal visual areas and reading ability
In studies of typically developing individuals, poor reading skills were associated with impaired performance on coherent motion detection and other dorsal stream tasks (Conlon, Sanders, & Zapart, 2004; Cornelissen et al., 1998a Cornelissen et al., , 1998b . Similarly, many studies have reported poorer ability to detect motion for dyslexic participants than for typically developing controls (Cornelissen et al., 1998a (Cornelissen et al., , 1998b Kevan & Pammer, 2008 , 2009 Pellicano & Gibson, 2008; Talcott et al., 2000; Witton et al., 1998) . Ben-Shachar et al. (2007) reported significant correlations in typically developing children between fMRI responsivity to various contrast levels of moving sinusoidal gratings in hMT+, a dorsal motion processing area (Koyama et al., 2005; Newsome & Pare, 1988) , and standardized scores of reading skills, particularly phonological abilities. FMRI studies also showed reduced brain activation in hMT+ in dyslexic versus non-dyslexic participants to gratings at various contrasts (Demb, Boynton, & Heeger, 1997 and coherent motion stimuli (Eden et al., 1996) . Collectively, findings from dyslexic and typically developing readers suggest a relationship between reading ability and motion processing mechanisms in the dorsal visual stream. We aimed to examine the relationship between age and reading abilities with respect to dorsal and ventral stream visual functions in typically developing school-aged children.
The involvement of ventral visual areas in reading
Visual areas in the ventral stream, such as V4, LOC, and IT, are responsible for processing shapes and objects. These ventral areas also respond to textural patterns (Ostwald et al., 2008) . The recognition of letters (Flowers et al., 2004 ; see also Turkeltaub et al., 2008) and words (Buchel, Price, & Friston, 1998; Devlin et al., 2006; Turkeltaub et al., 2003) has been found to activate part of the occipitotemporal area (e.g., BA37) of ventral visual pathway, which demonstrates perceptual expertise for whole words (Bruno et al., 2008; Kronbichler et al., 2007; Nazir, Jacobs, & O'Regan, 1998) and has been coined the visual word form area (VWFA) or system.
The occipitotemporal area correlates with sight word efficiency in typically developing children (Ben-Shachar et al., 2011) and also seems to be impaired in dyslexic participants (Maurer et al., 2007; Shaywitz & Shaywitz, 2005; Shaywitz et al., 2002; van der Mark et al., 2009) . Remarkably, however, the relationship between form coherence thresholds and reading disability has not been established (Kevan & Pammer, 2008 , 2009 Tsermentseli, O'Brien, & Spencer, 2008; White et al., 2006) .
In addition, while there have been numerous studies comparing typical (or other atypical) observers to dyslexics (Laycock et al., 2006; Tsermentseli et al., 2008) in dorsal and ventral visual tasks, there are only few studies that have evaluated these tasks in typically developing children in relation to reading skills (Ben-Shachar et al., 2011; Kevan & Pammer, 2008 , 2009 ).
The current study
Here, we assessed correlations between performance on tasks that tap dorsal and ventral visual stream functioning and reading fluency in typically developing children. We specifically measured reading fluency, because it requires efficiency and accuracy in the early phonological decoding and orthographic recognition processes (Wolf & Katzir-Cohen, 2001 ). We measured motion and form coherence thresholds from well-matched motion and form stimuli from random dot kinematograms that tap dorsal (Newsome & Pare, 1988) and ventral (Ostwald et al., 2008) visual areas, respectively.
Methods

Participants
Participants included 40 typically developing school-aged children (mean chronological age = 9.06 years, SD = 2.36) recruited from the local community. They had no prior diagnosis of developmental disabilities 2 and were not receiving special education services at the school they attend. Children received compensation for their participation, as well as stickers and snacks for reinforcement during breaks between tasks. The University of South Carolina Institutional Review Board (IRB) approved this research.
Standardized tests
We used standardized tests commonly used by school psychologists in psychoeducational evaluations, including subtests from the Woodcock-Johnson Tests of Cognitive Abilities, 3rd Edition (WJ-III COG), and the Gray Oral Reading Test, 4th Edition (GORT-4). Non-verbal IQ (NVIQ) was assessed using the WJ-III COG Concept Formation and Visual Matching subtests, and reading fluency was measured with the GORT-4.
The WJ-III COG Concept Formation and Visual Matching subtests included tasks such as matching and solving geometric and verbal puzzles. The test material was presented visually, orally, or both, and participants were asked to respond verbally, by pointing, or by circling their responses. Raw scores were calculated from the number of correct and incorrect responses. The GORT-4 is an oral test of reading fluency and comprehension, though only fluency scores were calculated for the purposes of this study. We used Form A of the test for all participants. Participants were asked to read a series of increasingly difficult fiction and non-fiction passages aloud to the examiner, who timed their reading and marked any deviation from the passage as it is written as an error. Errors include repeating, omitting, inserting, or mispronouncing a word; skipping lines during reading; waiting for the word to be provided by the examiner (and only a specified number of words may be given per passage); or making any of these errors then selfcorrecting. The number of errors marked for each passage was summed into a raw accuracy score and combined with scores from other passages into a total accuracy score. The number of seconds taken to read each passage was recorded and combined with rate scores from the other passages into a total rate score. All standardized tests were conducted in a quiet room without the presence of parents. Statistical analyses were performed on raw scores.
Motion and form coherence tasks
Motion and form stimuli were presented on a Lacie 22 00 monitor with a resolution of 800 Â 700 and refresh rate of 72 Hz by a Power Macintosh G4 computer. The viewing distance was about 70 cm. Mean luminance was about 50 cd/m 2 and contrast was 90%. Coherent form (i.e. Glass patterns) and coherent motion stimuli consisted of random dot kinematograms covering a 23.33 Â 23.33 deg 2 with 2 Forty-seven children were originally recruited in this study, but data from seven children were excluded in the analysis due to inattention during the study (n = 3) or prior indication of ADHD (n = 1), sensory integration disorder (n = 1), Asperger Syndrome (n = 1) or reading disability (n = 1). Three children included in our sample were in Kindergarten, who read independently for at least 6 months.
4% density or approximately 0.93 dots per deg 2 of visual angle (Fig. 1 ). Dots were white squares (12.4 Â 12.4 min) paired with their copy displaced by 37.2 min (dot center to dot center) spatiotemporally in the motion stimuli and spatially in the Glass patterns (Glass, 1969) . Both coherent motion and form stimuli were circular. In the motion stimuli, dots were updated at 18 Hz (i.e. every 55 ms), corresponding to a speed of 11.16 deg/s. The dots coherently moved clockwise or counter-clockwise in equal proportion conveying transparent motion (Qian & Andersen, 1994) . In the Glass pattern stimuli, the dots were static. The motion coherence and Glass pattern stimuli were presented in different blocks. For every trial in each block, two intervals of the stimulus were presented in sequence for each trial in random order: one with the random pattern (static or in motion) and one with the circular pattern. Participants chose which of two intervals contained coherent motion. Each interval remained on the screen for 2000 ms, and the delay between the two intervals was 2000 ms. A black screen remained displayed until response after the presentation of both intervals. Responses were indicated using the arrow keys on keyboard, the left arrow for first interval and the right arrow for second interval. Motion and form coherence thresholds were determined using a 1-down, 2-up staircase procedure to adjust subsequent trial difficulty (dot coherence) according to performance at 82% correct. Consequently, number of trials per block varied from participant to participant. Dot coherence varied by substituting different proportion of the coherently moving dots with randomly moving dots. (Expt. 4 in Palomares et al. (2010) used a similar procedure.) Most of our participants were given two blocks of trials for each task, but due to time constraints, only one block of trials was presented to ten participants. All statistical analyses were performed on coherence, which are log 10 transforms of the coherence thresholds.
Results and discussion
This study assessed the relationship between reading fluency and coherent motion and form detection in typical development. In addition, we evaluated what developmental factors, such as chronological age and NVIQ, are correlated with these thresholds so that we could control for these variables in the main correlational analyses.
Development of motion and form coherence thresholds
First, we looked at whether motion and form thresholds correlated with each other. Despite the similarity in their local structures (i.e. dots), Fig. 2 shows that the thresholds for detecting dots moving coherently or forming a coherent pattern are not reliably correlated (r = À0.018; p = 0.912), suggesting the independence of global motion and form mechanisms in typically developing children. We evaluated reliability of thresholds for each participant by correlating thresholds across blocks of trials. Correlations were high for both motion (r = +0.745, p < 0.001) and form (r = +0.792, p < 0.001) thresholds, suggesting that our threshold measures were reasonably stable.
Second, we evaluated the dependence of the coherence thresholds on chronological age. The dorsal and ventral visual processing streams are physiologically and functionally distinct, and may therefore show independent developmental trajectories (see also Kiorpes et al., 2012) . Results showed a significant correlation between motion coherence thresholds and age (r = À0.508; p = 0.001), but not between form coherence thresholds and age (r = 0.018; p = 0.912). This suggests that detecting coherent motion improves more steeply with age than form coherence between ages of 5 and 15 years (Fig. 3) . Visual motion (Parrish et al., 2005) and form (Lewis et al., 2004) processing have been found to have protracted developmental trajectories, maturing after 6-7 years of age. Different from their results, however, our data hint that detection of form coherence matures with less variability than detection of motion coherence, consistent with the dorsal stream vulnerability Fig. 1 . Example images of coherent motion detection (top) and coherent form detection (bottom) tasks. In both tasks, participants indicated which of two intervals contained dots that were coherently moving along a circular path or coherently forming a circular pattern. Fig. 2 . Relationship between performance on coherent form and motion detection tasks. Participants' thresholds on the two tasks were not significantly correlated, suggesting independence of global motion and form mechanisms. Coherence = log 10 (thresholds). Fig. 3 . Effect of age. The relationship of motion and form coherence thresholds in typically developing children thresholds with age in years. The development of coherent motion detection is steeper than that of coherent form detection. Coherence = log 10 (thresholds).
hypothesis (Gunn et al., 2002) . Notably, these developmental trajectories to index maturation must be taken with caution since our data analysis excluded thresholds from adults.
Relationship to non-verbal IQ
To complement the analysis with chronological age, we also evaluated whether Concept Formation and Visual Matching, the components of NVIQ, correlated with motion and form coherence thresholds (Fig. 4) . Motion coherence thresholds showed significant correlations with Concept Formation (r = À0.357; p = 0.024) and Visual Matching (r = À0.323; p = 0.042). However, form coherence thresholds did not correlate with either measure (r-values < 0.06; p-values > 0.70).
We then looked at whether the components of NVIQ correlated with the components of reading fluency from the GORT-4. Indeed, raw scores from these standard measures significantly correlated (r-values > 0.60; p-values < 0.001), which also significantly changed with chronological age, (r-values > 0.59; p-values < 0.001). This result is consistent with a previous longitudinal study of general cognitive abilities and reading in typical children (Ferrer et al., 2007) . Thus in our main correlational analyses between reading fluency and visual thresholds, we controlled for both NVIQ and chronological age.
Relationship of reading fluency to visual thresholds
We examined the relationships among coherent motion detection, coherent form detection, and the components of reading fluency in typically developing children (Fig. 5) . We conducted three levels of analysis to determine what factors determine the relationship of dorsal and ventral visual functions to reading fluency measures: (1) zeroth order correlations, (2) controlling for components of NVIQ, and (3) controlling for components of NVIQ and chronological age.
Without controlling for age or components of NVIQ, the data echoed results from previous studies (Boets et al., 2011; Cornelissen et al., 1998a; Kevan & Pammer, 2008 , 2009 Pellicano & Gibson, 2008; Solan et al., 2003 Solan et al., , 2004 Sperling et al., 2006; Wilmer et al., 2004 ) that suggested motion mechanisms are related to reading mechanisms in children. Motion coherence thresholds significantly correlated with both reading rate (r = À0.445; p = 0.004) and accuracy (r = À0.321; p = 0.043). Correlations with form coherence thresholds were non-significant for both reading measures, (r-values < 0.19; p-values > 0.20) (Fig. 5a and b) .
Because preliminary analyses show the components of NVIQ correlated with motion coherence thresholds (Fig. 4) , we conducted partial correlations that controlled for Concept Formation and Visual Matching scores. Taking into account the general cognitive improvement observed during development, results showed the components of reading fluency were disambiguated by their relationships to motion and form coherence thresholds. Reading rate significantly correlated with motion coherence thresholds (r = À0.345; p = 0.034) while reading accuracy significantly correlated with form coherence thresholds (r = À0.332; p = 0.042). (Fig. 5c and d) . No other correlations were significant (r-values < 0.10; p-values > 0.60). The dissociation between reading rate and accuracy with motion and form coherence thresholds maps onto the temporal and static mechanisms of reading. Fast reading might be thought of as a process that intrinsically involves a dynamic shift from word to word, while accurate reading primarily involves the stable spatial integration of letters into words.
We also calculated partial correlations in which both chronological age and components of NVIQ were controlled since age correlated with reading fluency and motion coherence thresholds (Fig. 3) . Notably, when age, Concept Formation, and Visual Matching scores were taken into account, the correlation between motion coherence thresholds and reading rate became non-significant (r = À0.169; p = 0.317). The correlation between motion coherence thresholds and accuracy was still not significant (r = À0.084; p = 0.620). In contrast, form coherence thresholds correlated with reading accuracy (r = À0.350; p = 0.034) but did not correlate with reading rate (r = À0.046; p = 0.787).
Our results support the notion that both dorsal and ventral visual functions are related to fluent reading, but in different ways. On the one hand, these data suggest that some aspect of accurate reading is captured by the mechanisms responsible for detecting coherent form, independent of typical maturation or general cognitive abilities. On the other hand, mechanisms that detect coherent motion might be related to broad cognitive abilities that are strongly affected by maturation ( Fig. 5e and f) .
Distinct but integrated processing streams
Our data support the idea that both dorsal and ventral visual functions are related to reading abilities. This is conceptually consistent with the dual route hypothesis of reading formalized by Coltheart and colleagues (Coltheart, 2007; Coltheart et al., 2001) . Within this framework, the ventral stream mediates orthographical information, while the dorsal visual stream mediates the phonological-orthographical mapping of reading (Booth et al., 2002 (Booth et al., , 2003 Price, Moore, & Frackowiak, 1996; Schlaggar & McCandliss, 2007; Xu et al., 2001 ; see also Ben-Shachar et al., 2007) . This suggests that visual functions in the ventral pathway, responsible for orthographic processing, may contribute to the lexical route and therefore affect readers' accuracy. This would be supported by evidence provided by Cohen et al. (2008) showing decreases in reading performance with distortions (e.g., word rotations or addition of extra space between letters) of the word as a viable object stimulus. FMRI data supported the role of ventral stream areas in familiar (non-degraded), parallel word form processing. Dorsal functions, however, which are responsible for mapping letter and word forms (orthography) to sounds (phonology), may contribute to the sublexical or phonological route and affect readers' speed or rate. Results from Cohen et al. (2008) indicated that as word forms were degraded, increased activation in dorsal areas occurred, presumably for serial encoding at the letter level. Word form degradation also led to a word length effect on increased reading latencies, which was interpreted to implicate serial reading strategies. Thus, parallel word form processing in the ventral stream may be complemented by serial processing in dorsal areas (see Vidyasagar (1999) for a similar perspective). In our data, reading rate correlated with motion coherence thresholds when controlling for NVIQ, suggesting that the temporal aspects of reading and basic motion processing might share mechanisms. Indeed our results are consistent with studies that have suggested a relationship between motion processing mechanisms in the dorsal stream and reading ability (Boets et al., 2011; Cornelissen et al., 1998a; Kevan & Pammer, 2008 , 2009 Pellicano & Gibson, 2008; Solan et al., 2003 Solan et al., , 2004 Sperling et al., 2006; Wilmer et al., 2004) . We also found a correlation with form coherence thresholds. The detection of Glass pattern coherence has been shown to activate areas in the ventral visual pathway-specifically, the lateral occipital complex (Ostwald et al., 2008) . However, this type of stimuli might also activate the VWFA because this area seems to be sensitive to similarity of pictures (Braet, Wagemans, & Op de Beeck, 2012) . More recently, the VWFA has been found to be more strongly connected to the attention system within the dorsal stream than to other reading areas (Vogel et al., 2012) , which would suggest that this area is generally related to visual object processing. These areas might be part of the system centered on the occipito-temporal sulcus, which mediates sight word efficiency in typically developing children (Ben-Shachar et al., 2011) .
It has been reported that the visual word form area (VWFA) in the left fusiform (McCandliss, Cohen, & Dehaene, 2003) in the ventral stream develops with reading experience and becomes finetuned for print, allowing for efficient whole-word orthographic processing. A parietal-or dorsal-attentional system intervenes to assist in analytic (letter-by-letter) word processing (Cohen et al., 2008; Rosazza et al., 2009; Vinckier et al., 2006) . In the current study, our results show that when we controlled for measures of non-verbal abilities, motion coherence thresholds correlated with reading rate while form coherence thresholds correlated with reading accuracy. Together with previous evidence, this dissociation in correlations suggests a functional disambiguation of dorsal and ventral visual functions in typical fluent reading.
Implications for atypical reading
The current results also indicate that chronological age can account for the correlation between reading rate and motion coherence thresholds. This suggests that dorsal visual functions might be more susceptible to the effect of maturation than ventral visual functions, which could manifest as faster reading rate with age. These results are consistent within a dorsal vulnerability framework (e.g., Braddick, Atkinson, & Wattam-Bell, 2003) . Many have proposed that functions mediated by the dorsal visual pathway are more susceptible to neurodevelopmental damage than the ventral visual pathway since it is more plastic in development (Braddick, Atkinson, & Wattam-Bell, 2003; Gunn et al., 2002; Mitchell & Neville, 2004; Neville & Bavelier, 2002 ; see also Grinter, Maybery, & Badcock, 2010) . Dorsal stream functions and reading might have a foundational relationship present across the dorsal stream hierarchy. Histological evidence from brains of dyslexic adults showed abnormalities early in the visual stream, in non-cortical areas: in the magnocellular layers, but not in the parvocellular layers, of the lateral geniculate nucleus (Livingstone et al., 1991) . The magnocellular layers send inputs to V1 cortical layers that primarily send inputs to dorsal visual areas, such as hMT+, the area that processes motion. The general absence of a relationship between form coherence thresholds and reading disability (Kevan & Pammer, 2008 , 2009 Tsermentseli et al., 2008; White et al., 2006) could be rooted in the relative stability of form coherence representation in typical development such that it less susceptible to damage in atypical development.
The effect of chronological age in our study could also be explained by attention (Gabrieli & Norton, 2012) . Reading might require more attention in younger children than in older children. Vinckier et al. (2006) proposed that dorsal involvement in reading is necessary only when words are unfamiliar, or are displayed in an unfamiliar format, because of increased attentional demands (Rosazza et al., 2009) . It is possible that the faster readers in our study -who were likely to be older children -had developed a larger orthographic lexicon of familiar words in their reading than slower readers, allowing them to read each word aloud quickly and move to the next word. Similarly, van der Mark et al. (2009) have shown that dyslexic children lack specialization for print and familiar words in the VWF-system of the ventral pathway, which may force them to rely more heavily on the dorsal pathway for word processing, negatively impacting their fluency. When serial processing in the dorsal stream is not yet automatized, as in children still learning to read, the dorsal stream may contribute to the limits of children's reading speed (rate).
Alternatively however, the processes in reading disabled individuals might diverge from a typical developmental pattern. Shaywitz et al. (2002) have shown that posterior brain systems are disturbed in dyslexic individuals. These individuals tended to over-rely on frontal areas when reading, and showed underactivation in left posterior inferior, middle temporal, and left temporoparietal areas (Price, Moore, & Frackowiak, 1996; Shaywitz et al., 2002 Shaywitz et al., , 2003 . It would be interesting to evaluate form and motion coherence in children and adults with reading disabilities to determine whether the components of reading fluency, rate, and accuracy would also dissociate in atypical development.
Conclusion
We investigated the involvement of dorsal and ventral visual functions to reading abilities by assessing how the ability to detect coherent motion (dorsal) and form (ventral) correlates with fluent reading in typical development. When controlling for components of non-verbal IQ, ventral visual function as measured by form coherence thresholds correlated with reading accuracy, not rate, while dorsal visual function as measure by motion coherence correlated with reading rate, not accuracy. Notably, after chronological age was taken into account, accurate reading was still significantly related to form coherence thresholds, while reading speed failed to correlate with motion coherence thresholds. Our results suggest that although the mechanisms underlying fluent reading in typical readers are linked to both dorsal and ventral visual functions, the link between reading rate and dorsal visual functions seems to be dependent on maturational factors. Future investigations of how coherent form and motion mechanisms relate to different components of reading in typical and atypical development could elucidate how basic visual functions interface with the complex, multimodal reading system.
